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PREFACE

'ibis report describes a procedure for the calibration of inanimate seuors

or "skin simLlants". The simulants wre cnstructed to simulate the thermal

properties of skin and correlate burn severity with the tperature history at

known depths of the skin. They are an essential part of the remote data

collection owmponent of The Advanced Thermal Response Data AcxLuisition and

Analysis System being built by Natick. The wrk was done under the project

"IThermal Protection, 1L162786AH98CAB00, administered by the Directed Energy

Protection Branch (DEP Br), Phnysical Sciences Division (PSD)*, Soldier

Science Directorate, U.S. Army Natick Research, Develcpwnt and Engineering

Center.

Two of the authors are engineering students. Brian W. Reinhart is a Junior

attending Rensselaer Polytechnic institute, Troy, N.Y. His major is in

Electrical Por Engineering. Donald A. Seville is a 5th year Senior at

Worcester Polytechnic Institute, Worcester, MA, with a double major of

Mechanical Engineering and Science, Technology and Society.

All experimentation was conducted in the Directed Energy Protection Branch

at the U.S. Army Natick Research, Development and Engineering Center. The

citation of trade names in this report does not constitute official endorsement

or approval of use of an iteu.

The authors are grateful to Marcia Lightbody for her technical assistance

in editing and preparing this dooment.

* Renamed 1 Oct-r, 1991 - Physics & Engineering Branch, Fiber aid Polymer

Science Division
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CA .TIACN PJCJRE FOR SKIN SIDJLANTS

A state-of-the-art data acauisiticr/instrwlfted manikin systm is being

built by the RPysics & Engineering Branch at Natick to study how an individual

soldier is protected fran the thermal insults of flame, OD2 lasers and

thermnuclear weapons while wearing military uniform systems, items and

fabrics. This manikin system can record data in a laboratory or remote field

test setting. The data is formatted to a stardard serial bit stream and con be

sent for miles on a coaxial cable or transmitted on a standard EM transmitter

for reception at extre ranges. Using software tailored to the system, the

researcher acquires data to be displayed in real time or stored for analysis of

burn-severity predictions at any convenient future time. The data recorded

from the experiments are used to generate two- and three-dimensional

representations of the extent of skin burns as predicted from skin siu.lant

recordirgs. A three-dimensional manikin display is capable of showing the

progression of skin damage as it dcanges with time.

The system is called The Advanced Themal Response Data Acquisition and

Analysis System (ATIMS/DAAS) and comists of four main units: 1) remote data

collection sites, 2) master data collection control, onversion, and

formatting, 3) data proessing and storage, and 4) graphical analysis and

presentation.

This work was initiated to support the iUplementation of the remvte data

collection sites of the AIM/DWAS. These collection sites consist of three

major parts: manidkins, simulated skin sensors (sinulants), and electronic

hardware.



Essential components of the manikins are the skin siulants because they

mimic the thermal properties of human skin. ITe data they produce determine

the correlation of skin burn severity with the t erature history at known

skin depths, i.e., the epidermal/dermal interface of the skin. These simulants

are evenly distributed over the torso, arms, hands and legs of the manikins.

If the simulants do not accurately indicate the thermal response of human skin,

any data from a thermal radiation test source becaE inconclusive.

The simulants used in this study wre patterned after the work of Derksen,

et al. at the Naval Materials Laboratory (tML) 1 and made by the Fabric

Research Laboratories Division of Albany International Corporation, Dedham,

MA. The NML simulants consisted of approximately 40 percent by weight of fine

silica powder mixed with alpha (a) cellulose urea formaldehyde. The mixture

was molded under pressure in a hot press to form a button, 3.8 cm in diameter

and 1.3 am thick that was curved on one face. The mixture was also molded in

the form of a disk 2.5 am in diameter aid 1.25 cm in thickness for placing in

the skin of Natick's instrurented manikin. These sensors had a 0.001 an-thick

Type T (cop-er-oo.stantan) thermoc.ule embedded 0.05 an beneath the surface

that provided a time-terperature history of the sinilant's response to a

thermal scrc.2

Natick has recently developed its own sensors for the multimanikin

ATMES/DAAS using the NS simulant material but configured as disks with a

0.013 cz diameter bead thermistor placed 0.05 an below the surface to obtain

the t erature data. The s-rnsors were made to reduce the fragility of the

older simulants and increase response time and accuracy. These newly developed

sensors had to be calibrated against a theoretical thermal model of actual

skin.
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An industrial 0:)2 laser, Dash-8t= data acquisition and controller

board with EXP-16t" niltiplexer hardware and previously used NML msors

with known reliability were utilized in the development of Natick's system of

calibration. This paper eibe the theory, exr~qimentaticn, and a finalized

calibration technique.

ANALYTCAL DL

To calibrate the skin simulant, an analytical nodel of the dynamic therml

resporse of actual skin was used. Ihe governirn partial differential equation

of heat transfer for transient flow is 3 :

aT%(aT

KV'CT a PC "(1)

where k is thermal conductivity, T is teperatuxe, p is density, CpLs specific

heat, and t is time. •e skin simulant was designed to measure the terperature

that would have existed at a depth of 100 micrometers (gm) beneath the

surface of the skin. This is the approximate dpth of the epiderwma.-dermal

interface and the point at which the teeperatire will be found as a furncion of

time. For this model, one dimersional heat flow will be assumed. For the I-D

case, Eq. 1 can be written as:

a2"T aT (2)

K -- pCp-.X2 at

For the case of a finite pulse of radiation, Eq. 2 was solved by Roach et al.

The solution is separated into two segsmnts, one for the duration of the

3



radiation pulse and one for the cooling of the skin after the pulse. e

solution of the equation for the radiation pulse phase is expresod in symbolic

ft.a as4 :

h [ex fab 'tj f X b (3)
W [erfc --- - exp r7 k 2 J e+p -+rf

where w is the temperature at the interface, h is the irradiance, b is the heat

transfer coefficient, and a - (k/p C) is the thermal diffusivity. After the

radiation pulse ends, temperature during coling is calculated by replacing h

by a negative value at time t = T (T is the finite pulse length) and addinig (-)

this portion to the above frcm t = T -> c .

Equations 2 and 3 were used in a cumputer program written in BASIC to plot

the recorded taiqrature (fr~n 0 to 7 secords (s)) of the epidermal/dermal

interface for any laser pulse power and lerath (Appendix A). The thena.

parameters of human skin that were used in this couputer solution are listed in

Table 1.

Table 1. Thermal parameters of skin.

k = Thermal oonductivity = 0.00122 cal/cm-s-" C

Cp = Specific heat = 0.87 cal/g-" C

P - Density = 1.03 g/cm

x = Depth = 0.01 cm

b = Heat transfer coeff = 0.00015 cal/cm-s-" C

4



A. Inr~nttion

All experiments ware conute at the DEP Br, PSD, U.S. Army Natick

Research, Development, and Engineering Center, Natick, MA. The following

is a list and brief description of the equipment used to perform the

experiments. The actual operation of the devices is detailed further in

the Procedure and Analysis sections.

Laser - The laser used as a thermal radiation source was a Spectra-

Physics Model 820EP Gas Transport Industrial 002 laser with the following

specifications:

1. Wavelerrjth: 10.6 gan, operating in CW TEMo (Continuous Wave,

Transverse Electric and Magnetic Mode, lowest order)

2. Output poer: 2500 watts (W) maximm

3. Beam diameter: 19 millimeters (am) at the laser output mirror

4. output power stability: t 2%

5. Beam divergence stability (full angle): ± 0.15 milliradians (mrad)

6. Mininw shutter time (open and cloe): 50 millisezoods (ms)

7. Beam bender: A device designed to intercept and reflect the

incident laser beam at right angles to its original direction. It was

used to lower the laser beam to the height of the optical table.

8. Helium neon laser: An internal camupoent of the CO2 laser system

was a 2 milliwatt (doq) HeNe laser used to align optical equipment,

position work and direct the 002 beam.

5



Optics -

1. Beam Splitter and Lenses - A zinc selenide (ZnSe) coated beam-

splitter (50/50) was used to divide the laser beam into two equal

beams. Zrise lenses were used to direct the laser beams to each

kaleidoscope and sensor. The beam splitter and lenses were made by

II-VI, n.,Saxonn, Ph.

2. Kaleidoscope - A kaleidoscope or scrambler (a rectangular pipe

light guide or optical cordit) constructed of naval bronze with a

highly polished passage 1 cn high, 1 cm wide and 16 cm long was

incorporated with the lenses in order to acquire a uniform beam energy

profile. The kaleidoscopes were made by imstrment makers at Natick.

Sensors - NIL skin simulauts that were used in previc.s Natick thenral

experiperets were used a- the experimrental targets. These sensors

contained a type T theromz le.

Calorimeters - HyCal Engineering, Santa Fe Springs, CA, Series C-1100

asynmtotic calorimeters were used as heat flux sensors to record the amount of

heat reaching the skin sinilant. nlevsp calorimeters were t alibrated by the

manufacturer. They were coded by their scrial numbers and suppl.ed with their

calibration c•rves that related voltage to Bb/ft2-5.

Hardware-

1. HP9825B - The 002 laser and shutter were configured to operate

frum a Hewlett Packard Model 9825B desktop computer. With this

arrangement, the experimenter operated the laser from a protetsed room

remove frum the laser.

6



Hardware (rt'd)-

2. cmmpaq Model 320C2 PC - A portable Qmpaq Model 320C2 personal

compter from =TPAeQtl Qzmputer Corporation, H!istmn, TX

was used with data acquisition hardware and software. It provided

both data gah-ering and data analysis support.

3. Dtsh-8 - A Dash-8 Data Acquisition and Control Interface Board was

installed in the OImpaq Model 320C2 PC to provide analog/digital

interface and high speed data acquisition.

4. EXP-16 - An Expansion Miltiplexer and Instruentation Amplifier

(EXP-16) were used to extend the capabilities of the DASH-8. Using

this system data were accepted simultareouisly from both the sensors

and calorimeters. The DASH-8 and EXP-16 are products of MetraByte

Corporation, Taunton, MA.

Software -

1. Labtech Notebookt m - A software package from Laboratory

Technologies Corporation, Wilmington, MA was designed to interface

with the Dash-8 and EXP-16. The sampling rate, sampling duration,

input dcannels, and data destination were among the variables

atoiroiled by Labtech Notebook.

2. Lotus 1-2- 3 tm - Data files generated by Labt&*i

noteook were formatted for a direct li-nk to Lotus 1-2-3. Lotus

1-2-3, a software package cf LOIUS, Carbridge, MA, provided

spreadsheet power, numerical analysis, and graphing capabilities.

lotus's ability to import files allowed for the desired comparison of

theoretical and experimental data.

7



B. g•ical yst

The beam shaping optical system was designed to produce a beam profile that

was uniform over the sensor area of the skin siilant. ThMs uniformity was

necessary because, although the beam profile was aproximately gaussian the

profile tended to be more cmplex as the laser output powr was increased.

This tendency might have caused beam eergy irregularities, which could affect

the data acquired. In order to actdeve the desired beam uniformity, a

kaleidoscoe was placed between two ZnSe lenses. The first lens has an effec-

tive focal length (EFL) of 63.5 mm and the secord lens has an EFL of 127.0 =m.

The emitted laser beam was directed through the 63.5 mm focal length ZrSe lens

and into the kaleidoscope. The kaleidoscope divided the inxxming wave fronts

of the beam into rectangular segments approximately equal to the cros-

sectional area of the pipe. These fort -•d segments were superimposed at the

output end. The result was a hocmgenized energy distribution at the exit

aperture5 . The 127.0 mm focal length ZnSe lens refocused the homogenized

beam onto the skin simulant sensor. The irradiance density was changed by

adjusting the distances between the lenses, kaleidoscoe and siiurlant, and the

irradiated area on the sinulant.

Laser output power was determined by reading the digital display of the

internal metepr of the laser. Following a number of preliminary data runs, it

was evident that a more precise method was needed to record the beam's power at

the similant (see C. Procedure). Thus, the optical system was changed to

irradiate a calorimeter simultaneously with the skin sinulant, as shown in

Fig. 1.

8



Not to Scale

IGO MM 1126 MM

ZnSe Lens

Dia: 38.1 mm
95mm EFL: 127.0 mm 126MM

Kaleidoscope

aO mm ZnSe Lens
"Di 27 9 mm
EFL: 63.5 mm

21 cm

I LII

""(Be50)Splitter Mirror

50cm 30cm

CO Laser Compaq 320C2 PC2 with Dash-8

Fig. 1. Optical System for Calibrating Skin Similants
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Ihe result was the arrangement illustrated in Fig. 1, in which the beam

from the laser was split into two b by a 50/50 ZnSe beam splitter. The

beam directed through the optical system that was initially used was termed the

primary beam and the beam redirected by the beam splitter was termed the

seconidary beam. The skin sinilant sensor was irradiated by the primary beam.

¶he beam splitter was used to change the direction of the secondary beam 90

degrees horizontally, toward a mirror which directed the secondary beam through

a systeL of optics identical to those of the primary path. 7he calorimeter

that was placed at the end of the secondary path was used to determine the

laser beam's output power. With this system the beam distribution was made

uniform and the irradiance regulated.

C. r

Two of the objectives in the calibration procedure were 1) to use a (C02

laser as a thermal source to cbtain teaperature vs. time data from the skin

simulant, and 2) to record the power density and duration of the radiation

impinging on the skin simulant for input in the analytical imxoel.

For all experiments, the external merbrare control panel on the laser was

used to establish the desired lasing current and to transfer control of the

laser to the HP9825B cumpzter.

The senors that were mounted in the primary and secdary beam paths sent

voltage difi•rerwe signals to the EXP-16 Multiplexer where the signal was

amplified and sent to the Dash-8 data acquisition and controller interface

board. The Dash-8 coverted the signals from analog to digital format.

Labtech Notebook was used to control the sampling rate and duratio, of the

10



voltage signal. Also, that software was used to display the real time voltage

signal on a color monitor screen and store the data in specified ASCII files.

Fuither analysis an the data was accxaplished using Lotus 1-2-3.

It* C)2 laser systm contains a visible red Hkee laser that is used as a

convenient sighting tool to verify the alignment of the laser born and optical

arrarngeents and to porition the calorimeter and simulant. However, in this

work the beams were aligned with their respective sensors by placing clear

plexiglass in fron&t of the sensors and exposing the plexiglass to the (D2

laser just enough to etch the patterns of the beams onto the plexiglass. These

patterns were used to cnter the calorimeter and simulant in their respective

beam paths. The beam area was measured fram the burn profile and used in

future power density calculations.

The first experimwnts were designed to ccapare the beam power measured by a

calorimeter in the primary beam path to the beam power measured by the

calorimeter in the secondary beam path under identical lasing conditions. This

was acoamplished by aligning a calorimeter in the primary beam path and firing

the laser. The same calorimeter was then mved to the secondary beam path and

identical test conditions repeated. A relationship was developed between the

beam power in the two paths, which allowed a power reading from one path to be

converted to the other path.

To calibrate the skin siuulants, a simulant was mounted in the primary beam

path and a calorimeter in the sedary beam path. Plexiglass panels were

etched with the C02 beam and used to check the alignment of the sernors and

record the beam area.

II



7he two sensors wem irradiated simultansiusly and their output recor and

stored in the Cq 320C2 PC. This procedure was repeated for a number of

different laser powrs and pulse durations.

D. A

The output signals frm the calorimeter and simulant required further

formatting because the signals frcn these sensors were in terra of voltage and

not in the dsired units of temperature (- C) and cal/cm2-s.

The voltages were converted to temperature values using a nested polyromial

relatish.ip. This relationship is

T = 0.1008609+ (X/G) * (25729.9+ (X/G) * (-767345.8+ (X/G) *

(78025595.8+ (X/G) *(-9.25e9+(X/G)*(6.97el1+(X/G)* (4)

(-2.66e3+ (X/G) * (3.94e14)) ) ) ) ),

where T is teperature, X is the voltage reading from L*Ach Noteook, and G

is the EXP-16 Multiplex gain setting. A Lotus 1-2-3 file called (TDEPCONV) was

created as a template file. Using Eq. 4, the data imported was automatically

conerted to * C and then normalized to a ro temperature of 22" C.

A similar method was used to convert the calorimeter readings frC= voltage

to cal/cm2-s. Each calorimeter was supplied with a calibration curve that

related the calorimter's outpt voltage with BtU/ft 2-9. These curves we

linear with a y-intercept of zero, so the slope of each curve was used as a

multiplier to convert from voltage to Bt~/ft2 -s.

12



The follo'ir relati ship was develoed to convert this value to

cal/a•--s:

q - ((X/G) *M'3600*"000"0.00007535)/(B*A*P) (5)

where q is the power density, M is calorimeter multiplier, B is the

absarptivity of the calorimeter, A is the surface area of the laser beam on the

skin sinulant, and P is the conersion factor frum the secondary to the primary

beam path. Eqyaticn 5 was used to convert the voltage recorded by the

calorimeter to the power of the beam ipinging on the skin sinalant. Before

the sensors were irradiated the laser pulse power reading was zeroed to accont

for the dc offset of the calorimeter. A Lotus 1-2- 3 t~mlate file, CAITIM2,

was created to automatically convert the ioported data file containing the

voltage signals into units of cal/c2-s at the simulant and also in watts at

the calorimeter.

• AND REL XS=

lb find the relaticrhip between the power in the primary beam path and the

se xkry beam path, tests were codructed using different calorimeters and

pors. The reults for six tests using three different calorimeters and the

resultant cnversion factor are shown in Table 2. Fr:m these data, the average

conversion factor frtn secodary beam powr to primary beam power that was used

in Eq. 5 was 0.733. Figure 2, illustrates the primary and secondary path

pamrs of a calorimeter after being analyzed thzuv Lotus 1-2-3.



Zle 2. BeemuPath Ozarscnm Reults

Priumiy Secarilary

44676 3.96 2.94 74.2

44676 3.80 2.72 71.6

44674 6.25 4.43 70.8

44674 5.49 4.16 75.0

44677 5.23 3.87 74.1

44677 4.89 3.62 73.9

Fn § 73.3

Primary

e =,

6

Secondary
U

0 0 A00

0 I 2 3 4

Time, s

Fig. 2. Caorim•ear #44674, Primary and Se~odaxy Path Pow.ex.
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Skin simnlant calibrations wre corducted for a variety of skin simuulants

using different beam powers, pilse durations, calorimeters, and experimental

oarditicns. Included in this report are several examples of the resulting

calibration curves that show the experimental and theoretical results. Ite

paraimters used in Labtech Notebook are shown in Table 3. The calorimeter used

is listed with eadh figure. Figures 3 through 6 are the actual calibration

curves.

Table 3. calibration _RUMter= us-e in Fig. 3.

Saztpling rate: 30.0 Hz

Sampling duration: 8.0 s

EXP-16 gain: 100.0

Cal maltiplier(#44677): 6.3 mV/(BttL/ft2-s)

Cal absorptivity: 82.0%

S-P omversion: 0.733

D area: 3.71 =n2

15
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Fig. 3. Ski~n Sinilant, Mixperinqtal and 7heoretica3. Qirves.

Calorimeter #44677, 1.384 cal/cte -s, 1 9 pilse.
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Fig 4.Skini Similant, Exqmeriumea and fheoretic a! .rves.
Cal1orimeter #44676, 1.278 ca1/c'-s, 1 s pulse.
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Fig. 5. Skin SiMulant, Experimnntal and Theoretical Ourves.
Calorimeter #44674, 1.38 cal/cme-s, 1 s pulse.
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Fig. 6. Skin Similant, Expernimnta~l and •oetcal urzves
Calorinte #44677, 1.23 ca1/c~.'-s, 1 s puilse.
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CONCUSIONS AND T

The thermal response of silica filled, a-cellulose urea formaldehyde

skin simniants can be oompared to the thermal damage in human skin. A cimpater

program can be written in BASIC to record and ompare the thermal parameters of

skin with those of the skin simulant. The CD2 laser can be used as a thermal

radiation simulator for the calibration of skin simulant sensors. More precise

results can be achieved by collecting data simultanommly from the thermal

source and the sensors using a two-path optical system.

It is re-iuended that the procedure described in this report be used to

calibrate silica filled, a-cellulose urea formaldehyde skin simnlants.

18
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M 3ASIC Progmm (S]XIR30)

10 RME dimeion statements, values of the skin constants, time between points
20 REM (.001) sec, tima of calculation: 7 seds
30 DIM E(300), 0(300), Q300, W(300), R(300), X(300)

REM 'fl•L PARAMITI OF ACITUAL SKIN, Q IS NUMB OF ITERATICNS
38 E-0: Q=210: B=.00015: Z=.01
40 K=.00322: R=-1.03: 0=.87
43 REM F[RMITMPERA E IS SET TO 22 C AND HAS A 1 SEC PAUSE WEMRE WE
44 REK PJLSE BWINS. DAM RATE CCFOPONS TO A SAMPIkNG RATE OF 3WMZ
45 OPEN' "o", #1, "tc:\nb\,wwsuff\thrdata.prn"l
46 FOR J = 1 TO 30
47 PRINT #3, "22"
48 NEXT J
60 M UMM .MADIANCE (cAI.VC2) AND PULSE LMI (SEC)
70 IN9Yr "IPRADIANCE, CA/CH2 H=", H
80 INfIT "PULSE IfJ LGM, SEC T=-", T
90 AS = 1
100 REM CALCULATE VALUFS FOR INILXXTICMON 10 HEAT FLOW EQU!ATION
110 A=K/(R*C)
120 F=Z/(2*(SQR(A)))
130 D=B*Z/K
140 E=A*(B)-2/K-2
150 REM CALCULATE &RM
155 RIM L IS ThE DESIRED TIME STEP T0 MAT(i A SAMPLING RATE
160 L=1/30
170 REM CAL•JLATE TEMPFEA-IURE
180 FOR W=1 TO Q+1
190 S=1: 0=0: V-0
200 REM CALCULATE ERFC VAIWES
210 FCR I=O TO 26
220 P=((-1) *I)* (F/SQR (L) "((2"I)+1)

230 M=((-1) 'I)*(F/SQR (L)+(B/K)*SQR(L*A))"((2*I)+1)
240 J=((2*I)4 1)*S
250 PA=-P/J
260 N=M/J
270 =* (I+1)
280 V=V+RA
290 O=O+N
300 NEXT I
310 L-L+ (1/30)
320 V=--1-V*(2/SQR(3.1416))
330 O=1-O*(2/SQR(3.1416) )

340 Q(W)=(H/B)*(V-O*(EXP(D))*EXP(E*L))
350 X(W) =(1/30) *W
360 PRINr "WiCUJATING", W
370 NEXT W

20



APEDI: BASIC Program (SInMRO) (Oont'd)

380 M~ Cht0I.M! NE~a TDTAUR
390 F04 ChIWJ1MT NEXr TEM VALLTE FFGI END OF PULSE USIkG vAWjS FV1(
400 M BEDfDM PULSE ANID PLACE IN grIRAG
410 FOR I=30*T 70 Q41
420 R(I+1)inQ(I-(30*T-1))
430 RME CALWJLA¶E TD4P VJJE FROM T=O M 7 SBOONW, SJBIIACI VAILLJE
440 REM OT' T-0 10 PULSE LE24GMD{ UARI? AT PULSE END
450 NEWI I
470 FM 1=1 TO QI-1
480 Q(I)=Q(I)-R(I)
490 Q(I)--(I)+22
500 PRDT # 1, Q(I)
510 NEXT I
520 EDD
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